Airspeed and turbulence measurements were collected in a full-scale swine grower facility. Data were collected in three horizontal planes at eight axial locations from the inlet sidewall. Three inlet slot heights (20, 40, and 60 mm) and two fan stages resulted in six ventilating conditions investigated. The resulting 2 ¥ 3 ¥ 8 factorial experiment showed that fan stage, inlet height, and axial position from the inlet significantly affected (p < 0.01) airspeed variations in the animal-occupied zone (AOZ). Correlations between the AOZ and a convenient measuring plane (MP) were sought. AOZ airspeed was highly correlated with MP airspeed (rxy = 0.91). AOZ turbulent intensity (rxy = -0.51) and turbulent kinetic energy (rxy = 0.75) were moderately correlated with MP airspeed. AOZ turbulence levels were not correlated with MP turbulence levels. A procedure, consistent with the system characteristic technique, is proposed for predicting axial variations in AOZ airspeed. The technique can be used to assess AOZ airspeed levels relative to penning layout and ventilating conditions.
P roviding uniform environments in enclosed swine production facilities is a challenging engineering effort. Seasonal variations in fresh-air ventilation rate place added constraints on the ventilation system and can impose varying environmental conditions at the animal level. Environmental conditions such as temperature, airspeed, and humidity are important to consider when evaluating the ventilation system.
The animal-level, or micro-climate, environment should be of prime concern when evaluating the performance of a livestock ventilation system. Environmental conditions at animal level are a direct result of inlet ventilation rates, velocity, temperature, design, and penning layout. An effort is currently proceeding to develop a set of ventilation guidelines that has, as its goal, the maintenance of uniform animal-level conditions during seasonal variations in ventilation rate and inlet configuration. Guidelines would direct ventilation system designers to more efficient, workable systems.
The purpose of this research project was to characterize the animal-level airspeed and turbulence levels for a slotventilated swine production facility as a function of fan staging, inlet slot height, and axial location from the inlet. Special emphasis has been placed on identifying a procedure that can be used in conjunction with the system characteristic technique (Albright, 1990) for use in predicting animal-level airspeeds as a function of distance from the inlet.
The specific objectives of this research project were to quantify the spatial variability in airspeed and turbulence levels in the animal-occupied zone (AOZ) by using measurements remotely located from the AOZ and to develop a procedure, consistent with the system characteristic technique (Albright, 1990) , that can be used to assess AOZ airspeed levels.
LITERATURE REvmw
Research related to the animals' environment has been directed in two paths. Several efforts have focused on inlet conditions required to maintain a stable jet upon building entrance. Barber et al. (1982) proposed a dimensionless Jet Momentum Number (J) based on the inlet jet momentum function proposed by Kaul et al. (1975) . Stable jets were proposed to occur for Jet Momentum Numbers greater than 7.5 X 10-4 Albright (1990) , summarizing the work of Ogilvie et al. (1988) , suggested that an upper limit for J of 15.0 X 10-4 should be maintained to alleviate excessive animal-level airspeeds.
Inlet jet stability in colder, minimum ventilating conditions, has resulted in additional jet stability criteria. For nonisothermal ventilating conditions, for which buoyancy affects the jet, Randall and Battams (1979) proposed an inlet corrected Archimedes Number (Ar^) based on the general form presented in Baturin (1972) . Stable jets were reported for Ar^ less than or equal to 30. Leonard and McQuitty (1986) proposed less stringent criteria based on inlet jet drop coefficients by allowing the Ar^. to be less than 50 for full-length inlets and less than 40 for partial-length inlets.
In addition, several efforts have focused on the animallevel environment as affected by the inlet ventilation rate, velocity, temperature, and design. Jin and Ogilvie (1990) investigated the near-floor airspeed in an empty prototype building section. Maximum near-floor airspeeds were found at 0.2 m above the floor. Stable near-floor airspeeds were found for stable rotary airflow patterns in the building. Ogilvie et al. (1990) , along with data from Randall (1980) , summarized the near-floor airspeed with Jet Momentum Number (J), ventilation rate (Q), and floor area (A). Several inlet configurations were presented and correlations between near-floor airspeed and Jet Momentum Number and the Q/A ratio were reported. For a fixed building size and inlet velocity, the floor airspeed correlated well with J and the Q/A ratio. Correlations with J were found to be dependent upon the inlet configuration used within the same sized building. This represents a limitation of the Jet Momentum Number for general use. Correlations between the near-floor airspeed and J or Q/A were not found for inlet jets that were obstructed. Jin and Ogilvie (1992) developed an airflow rate plan in conjunction with the system characteristic technique (Albright, 1990 ) that describes airflow pattern stability as a function of slot height and inlet velocity. Average animallevel airspeeds were summarized as a function of slot height and inlet velocity. Adre and Albright (1994) investigated the use of a minimum Jet Momentum Number invariant of building size. Their results showed that the threshold level of J required to maintain a stable rotary pattern varied for slot ventilated enclosures as the enclosure size varied.
Several studies have indicated inlet conditions necessary for the development of stable rotary airflow patterns. Timmons (1984) suggested that stable rotary patterns were developed above a threshold Reynolds Number of 6400. Barber et al. (1982) suggested that stable rotary patterns were developed for inlet Jet Momentum Numbers greater than 7.5 x 10"^. Jin and Ogilvie (1990) suggested that for an inlet slot height of 0.02 m, an inlet velocity at and above 2.15 m/s would produce stable rotary airflow patterns.
In summary, tiie animal-level environment is affected by the inlet conditions present. The inlet conditions necessary to maintain acceptable air mixing are dependent on the inlet configuration and the building size. Criteria necessary to evaluate the performance of ventilation systems are as yet undetermined and future work needs to be done in this area. Inlet criteria for isothermal and nonisothermal conditions need to be developed to ensure acceptable air mixing and animal-level thermal environments. Animallevel airspeed and temperature distributions are important criteria to consider when developing ventilation system guidelines (Riskowski and Bundy, 1990) .
MATERIALS AND METHODS
The small-pen swine grower facility at the Iowa State Univesity Swine Nutrition and Management Research Center (SMNRC) was used for this study. This building is 10.6 X 29.3 X 2.6 m and has sixty 2.0 x 1.8 m pens. Fresh air is introduced with a continuous baffle along each 29.3 m side wall and directed along the ceihng ( fig. la) . One 35.6 cm and three 61.0 cm exhaust fans are located along each 29.3 m side wall (at mid-height; spaced equally) and provide seasonal ventilation rates, llie pen walls consisted of 5.1-cm-thick concrete with hot-galvanized wire openings facing the hallways ( fig. lb) . For this study, the wire gates were removed from the pen fronts. Airflow proceeds in two counter-current airflow patterns one-half of which is shown in figure la. For this project, data was collected in one-half of the building as shown in figure la.
Airspeed was measured ( fig. la) at eight axial locations which were 0.05, 0.69, 1.37, 2.06, 3.03, 3.72, 4.41, and 4.79 m from the inlet side wall. These locations are designated 1 to 8, respectively, in figure la. At each axial location, data was collected at 0.10, 0.25, and 0.91 m from the floor (positions C, B, and A, respectively, fig. la). A portable measuring device was constructed with three omnidirectional anemometers (TSI, Inc., model 8470). Each anemometer was factory calibrated using laserdoppler techniques and was accurate to within ±0.05 m/s. The anemometers were moved manually between measuring points. A portable data acquisition station controlled and stored all measurements (Campbell Scientific, Inc., model CR-10). Data was collected at each axial location for 180 s at a sampling rate of 8 Hz. Approximately 1 min elapsed between axial position readings. For each point monitored, the time-averaged airspeed, maximum and minimum airspeed, and standard deviation were stored for analysis.
A 2 X 3 X 8 factorial experiment was conducted using two fan stages (stage), three inlet slot heights (h), and eight axial locations from the inlet (x). Fan stage, and not ventilation rate, was selected because of the inability to accurately measure ventilation rate in the facility. Fan stage one consisted of two 35.6 cm diameter (Glass-Pac, Inc., model GP1416) and four 61.0 cm diameter (Glass-Pac, Inc., model GP2433) fans. Fan stage two was the same as fan stage one with the addition of two 61.0 cm diameter (Glass-Pac, Inc., model GP2433) fans. Total fan outlet area was 1.37 m^ for stage one and 1.95 nfi for stage two. Slot heights of 20, 40, and 60 mm were investigated. Table 1 identifies the six ventilating conditions (run) studied. Two replications of each run were conducted as shown in table 1. The resulting static pressure differential across the inlet is shown for each stage, and inlet opening height combination selected. The pressure differential was measured across the inlet using a U-tube manometer. Table 1 includes additional variables descriptive of the ventilating conditions studied. The ventilation rate (Q) was estimated from empirical relations for two-dimensional slotted inlets (Albright, 1990) . The Jet Momentum Number (J) was estimated as:
where Q == ventilation rate (m^/s) AP= pressure difference across inlet (Pa) p = air density (kg/m^) VQ = building volume (m^) g = gravitational constant (9.81 m/s^) The Reynold's number based on slot height (Re^) was calculated and included for future reference on potentially similar projects. Re^ was defined as: 
AIRFLOW PARAMETERS INVESTIGATED
For this project, animal-level airspeed and turbulence levels were of primary importance. Measurements of timeaveraged airspeed, maximum and minimum airspeed, standard deviation, turbulent kinetic energy, and turbulent intensity were determined. These parameters have been reported elsewhere [Jin and Ogilvie (1990) , Thorshauge (1982) , Hanzawa et al. (1987) ].
The time-averaged airspeed (V) was defined as: variance and/or standard deviation of the airspeed timeresponse. The time-averaged variance (v'^) was defined as:
and the root mean square value (V^^s), or standard deviation, was defined as:
The variance and standard deviation were used to define the turbulent kinetic energy (k^) and the turbulent intensity (Ij), respectively, as:
The turbulent kinetic energy (eq. 6) indicates the directionally insensitive behavior of the anemometer used for this project. The time-averaged airspeed (V), variance (v'2), standard deviation (V"ns)» turbulent kinetic energy (kj), and turbulent intensity (I^) were used to investigate the animal-level airflow characteristics. In addition to timeaveraged airspeed, and the maximum (Vj^^x) ^^^ minimum (^min) airspeeds were recorded.
RESULTS AND DISCUSSION
Airspeed characteristics were collected and analyzed for three horizontal planes. Airspeed results are categorized in terms of a convenient measuring plane (MP) (MP; y = 0.91 m) and a plane representative of the AOZ (AOZ; y = 0.25 m). Results are presented in the form of summarized overall average airspeed, maximum airspeed, and turbulence levels. Turbulence levels were defined by using the turbulent kinetic energy (eq. 6) and the turbulent intensity (eq. 7). Finally, practical application of the results is presented using the system characteristic technique (Albright, 1990) .
SUMMARIZED MP AND AOZ AIRFLOW CHARACTERISTICS
Airflow characteristics in the AOZ were expected to be directly related to the airflow characteristics near the AOZ, but above the animal zone. A horizontal plane in the building was established that was used to relate expected airflow conditions in the AOZ. This horizontal plane is referred to as the MP. The following section summarizes the average airflow characteristics in the AOZ and the MP for each of the six runs shown in table 1. The two indicators of turbulence gave opposite responses with respect to fan stage. The highest turbulent intensity levels for both MP and AOZ occurred with fan stage one, whereas the highest turbulent kinetic energy levels were recorded with fan stage two. Based on these results, quantifying turbulence levels is dependent upon the criteria specified, and conclusions based on turbulent intensity may not correspond to conclusions based upon turbulent kinetic energy. Table 3 summarizes the ANOVA for MP and AOZ turbulent intensity as affected by fan stage and inlet slot height. MP turbulent intensity was significantly affected by stage and h (p < 0.0061), but not by the interaction (stage X h) (p > 0.40). AOZ turbulent intensity was affected by fan stage (p < 0.01), but not inlet slot height (h) or the interaction (stage x h; p > 0.07).
Building ventilation rate and slot height were two important factors contributing to near-floor airspeeds reported elsewhere Jin and Ogilvie, 1992) . Jin and Ogilvie (1992) demonstrated the importance of inlet Jet Momentum Number (J) on near-floor airspeeds. They developed an expression that related the near-floor airspeed with J. Table 4 summarizes the relation between MP and AOZ with J. In general, the correlation with J found from this research is less than that reported by Jin and Ogilvie (1992) . In the near-floor region, Jin and Ogilvie (1992) reported an R^ of 0.97, whereas for the current study R^ was 0.67.
A dimensionless parameter, consistent with the known variables from this study, was defined as:
Correlations with AOZ airspeed were quite good (R^ ^ 0.91) (table 4). Equation 8 represents the dimensionless energy input to the building and incorporates the pressure difference (AP) and total fan area (Af^n) as a representation of fan stage, as well as the inlet slot height (h), and floor area (WL) of the building studied.
AOZ AIRFLOW CHARACTERISTICS DEDUCED FROM MP MEASUREMENTS
Quantifying AOZ airflow characteristics using MP airspeed measurements would be useful. AOZ measurements are cumbersome and require movement of animals to protect the sensor. In addition, for applications requiring constant monitoring of the AOZ airspeed, such as values are the time-averaged airspeed (V) for all axial locations (x). correlations between AOZ turbulence levels and MP turbulence levels were much worse as shown in figures 5b and 6b. The implications are that axial variations of turbulent intensity and turbulent kinetic energy differ substantially between the AOZ and MP regions. Thus, placing an anemometer at a location removed from the AOZ will yield reasonably accurate predictions of the timeaveraged AOZ airspeed and the expected maximum AOZ airspeed, but little useful information related to levels of turbulence. Table 5 summarizes the ANOVA (SAS, 1990) when axial location (x) is added to fan stage (stage) and inlet slot height (h). Axial location (x) and all interactions between axial location and/or fan stage and inlet slot height (h) were significant (p < 0.004) except the interaction (stage X h) (p > 0.02). For the results shown in table 5, 99.8% of the variability in MP airspeed and 97.6% of the variability in AOZ airspeed was accounted for with stage, X, and h and all possible interactions.
AXIAL VARIATIONS IN AOZ AND MP AIRSPEED AND TURBULENT KINETIC ENERGY
Figures 7 and 8 summarize the average MP and AOZ airspeeds, respectively, as a function of axial location from the inlet. Within fan stage one (runs 1, 2, and 3), MP airspeed levels ranged from a low of 0.09 m/s to a high of 0.45 m/s. Within fan stage two (runs 4, 5, and 6), MP airspeed levels ranged from a low of 0.21 m/s to a high of 0.82 m/s. Similar trends were noted for AOZ airspeed as shown in figure 8 . In general MP and AOZ airspeeds were four times greater near the building center than at the inlet wall. Airspeed levels in either the MP or AOZ regions, varied by a factor of four between regions near the inlet (0.05 < X < 1.5 m) and near the building center (3.8 < x < 5.3 m). 0.70). This trend was consistent for all six ventilating conditions.
PRACTICAL USE OF AOZ AIRSPEED IN VENTILATION DESIGN
A fourfold change in airspeed corresponds to a doubling of the convective cooling capacity because the convective heat transfer coefficient is in general a function of the square root of the Reynold's Number (Holman, 1981) . Thus, during summer operation, pigs removed from the side wall containing the fresh-air intake are exposed to an airstream that provides more cooling potential as pigs penned near the side wall. It would be beneficial, as a ventilation designer, to be able to predict locations within the building where AOZ airspeed levels are at desirable levels during summer operation. Albright (1990) summarizes a technique for incorporating fan curves, slot inlet curves, and inlet Jet Momentum Numbers simultaneously for selecting appropriate ventilating conditions as seasonal conditions change. It would be beneficial to be able to simultaneously predict the AOZ airspeed levels. A reasonable estimate of the AOZ airspeed can be made by a knowledge of how the MP airspeed changes as a function of ventilating condition.
The MP airspeed results shown in figure 7 were divided by the factor (2AP/p), resulting in the axial variation of MP airspeed as shown in figure 10 . The factor (2AP/p) represents the square of the inlet velocity at the vena contracta. Grouping the profiles in figure 10 by slot height (h), a best-fit regression (R2 = 0.92) describing the axial variation of MP airspeed (VMP) was: VMP * p _ 2.AP p^+ Pix + p^h + fcxh + P4X2+ p^x^ (9) where Po= 1.02x10-3 Pi-5.56x10-3 P2= 1.17x10-4 p3= 6.44x10-5 p4= 2.98x10-3 p5 =-4.14x10-4
The results from equation 9 were superimposed with the experimental results as shown in figure 10 . Figure 10 , when combined with the system characteristic technique (Albright, 1990) , can be used to predict MP airspeed levels and when combined with the correlation shown in figure 3 can be used to predict AOZ airspeed. Figure 11 combines the system characteristic graph with the results shown in figure 10 . The x-axis of figure 11a contains two additional scales. Scale A incorporates a multiplying factor for determining MP airspeed, and scale B incorporates a multiplying factor for determining AOZ airspeed. From the system characteristic graph ( fig. 11a ), the operating condition hj and APj are found along with the multiplying factors on scales A and B. Axial variations in MP and AOZ airspeeds can be estimated using Figure 12 summarizes the measured MP airspeed (•) and measured AOZ airspeed (*). By using figure 11a, the multiplier for MP (scale A) and AOZ (scale B) at APj = 24.88 were found and used in conjunction with figure lib to predict MP and AOZ airspeeds. The predicted MP and AOZ airspeed levels are superimposed on figure 12. The predicted axial variation in MP airspeed is quite representative of the measured MP airspeed. The AOZ airspeed was overpredicted at each axial location. For both MP and AOZ airspeeds, the trends and relative magnitudes were reasonably predicted with the procedure identified in figure 11.
CONCLUSIONS
A research project was conducted to determine the axial variations in AOZ airspeed and turbulence levels in an animal-less, full-scale production swine facility. Results were collected at horizontal planes representative of the AOZ and in a convenient MP. Correlations were sought between MP and AOZ airspeed and turbulence levels. From the results presented, the following conclusions can be made:
• AOZ airspeed was significantly affected by inlet slot height (p < 0.01), fan stage (p < 0.01), and axial location from the inlet (p < 0.01).
• AOZ airspeeds were correlated with airspeeds in a horizontal MP removed from animal interference (rxy = 0.91). AOZ turbulence levels were poorly correlated with MP airspeed levels when AOZ turbulent intensity (r^y = -0.51) and AOZ turbulent kinetic energy (r^y = 0.75) were used as indicators of turbulence. The relations presented in this study are limited to the building shown in figure 1. With this study, MP airspeeds were shown to be higher than AOZ airspeeds which is in contrast to the results presented in Jin and Ogilvie (1990). These results point out the need for additional research in this area. Research on full-scale production facilities is needed along with the presence of animals. Animals will affect airspeed levels and research is needed to quantify this effect.
